Nanostructured amorphous and anatase TiO 2 are both considered as high rate Li-insertion/extraction electrode materials. To clarify which phase is more desirable for lithium ion batteries with both high power and high density, we compare the electrochemical properties of anatase and amorphous TiO 2 by using anodic TiO 2 nanotube arrays (ATNTAs) as electrodes. With the same morphological features, the rate capacity of nanostructured amorphous TiO 2 is higher than that of nanostructured anatase TiO 2 due to the higher Li-diffusion coefficient of amorphous TiO 2 as proved by the electrochemical impedance spectra of an amorphous and an anatase ATNTA electrode. The electrochemical impedance spectra also prove that the electronic conductivity of amorphous TiO 2 is lower than that of anatase TiO 2 . These results are helpful in the structural and componential design of all TiO 2 mesoporous structures as anode material in lithium ion batteries. Moreover, all the advantages of the amorphous ATNTA electrode including high rate capacity, desirable cycling performance and the simplicity of its fabrication process indicate that amorphous ATNTA is potentially useful as the anode for lithium ion batteries with both high power and high energy density.
Introduction
TiO 2 has been confirmed as a safe anode material in lithium ion batteries due to its higher Li-insertion potential (1.5-1.8 V versus Li + /Li) in comparison with commercialized carbon anode materials [1] [2] [3] . The electrochemical properties of various crystalline polymorphs of TiO 2 (including anatase [4] [5] [6] [7] , rutile [3, 4, 8, 9] , TiO 2 -B [2, 4, 10, 11] , ramsdellite [12] , hollandite [13] , brookite [14] ) and amorphous TiO 2 [15] [16] [17] for lithium ion insertion/extraction have been investigated. Recently, in order to attain high rate capability of a TiO 2 anode for application in lithium ion batteries with both high power and high energy density, intensive attention has been paid to various TiO 2 nanostructures, such as nanoparticles [9, 18, 19] , nanotubes [20] [21] [22] , nanowires [11, 23] and mesoporous structures [24] [25] [26] [27] [28] [29] . Nanostructured amorphous [16, 17] and anatase [24] [25] [26] [27] [28] TiO 2 are both considered as high rate Li-insertion/extraction electrode materials. To clarify which phase is more desirable for lithium ion batteries with both high power and high density, a comparison of the rate capability of amorphous TiO 2 with that of anatase TiO 2 is of scientific significance. To reach an accurate conclusion from the comparison, the morphological features of amorphous and anatase TiO 2 , such as particle size distribution for nanoparticles, wall thickness and pore size distribution for mesoporous structures, should be identical, because rate capability is strongly dependent on these features [19, 24, 26, 27] . However, how to meet this demand remains a challenge. Furukawa et al [16] illustrated that the rate capability of amorphous TiO 2 nanoparticles is higher than that of anatase TiO 2 nanoparticles, but the effect of particle size on rate capability was not included in their analysis, and an enlargement of TiO 2 particle size after crystallization treatment was clearly observed.
Anodic TiO 2 nanotube arrays (ATNTAs), which are fabricated by a simple and low-cost anodic oxidation method [30] , have attracted considerable attention for applications in gas sensors [31] , water photoelectrolysis [32] , dye-sensitized solar cells [33] , etc. ATNTA grown on Ti substrate is convenient to be used as an electrode in lithium batteries because the Ti substrate can directly act as the current collector. It is worth noting that no discernible change in the pore diameter and wall thickness happens when an ATNTA transforms from as-prepared amorphous phase into anatase phase by heating [34, 35] . Therefore, ATNTA can be used as an ideal electrode material to compare the rate capability of amorphous TiO 2 with that of anatase TiO 2 . Furthermore, we consider that the structure of ATNTA is beneficial to obtain high rate capability, because its large specific surface area decreases the current density per unit surface area, thus decreasing electrochemical polarization; its tubular structure enables lithium ions in electrolytes to be transported smoothly with a migration rate comparable to those in an open medium thus decreasing concentration polarization and its thin tube walls (can be controlled within 7-20 nm) shorten the Lidiffusion length thus avoiding low utilization per cent of TiO 2 at high charge-discharge rates caused by the low Lidiffusion coefficient of TiO 2 . Although electrochemical Liinsertion/extraction in ATNTA electrodes was confirmed by cyclic voltammetry [36, 37] , the specific charge-discharge capacity, rate capability and cycling charge-discharge stability of ATNTA electrodes, which are key properties for the application in lithium ion batteries, have not been reported.
In this paper, we compare the electrochemical properties of anatase and amorphous TiO 2 for lithium ion insertion/extraction by using ATNTA as electrodes. The experimental results prove that, with the same morphological features, the rate capacity of nanostructured amorphous TiO 2 is higher than that of nanostructured anatase TiO 2 . Moreover, an amorphous ATNTA electrode shows high rate capability and desirable cycling performance, indicating that an amorphous ATNTA has the potential to be used as the anode for lithium ion batteries with both high power and high energy density.
Experimental details
TiO 2 nanotube arrays were prepared by the anodic oxidation method. The anodization was conducted using a two-electrode configuration under a constant voltage of 15 V. A Ti foil with an exposed surface area of 2 cm 2 acted as an anode. A Pt foil with area of 6 cm 2 acted as a cathode. The distance between the anode and the cathode was maintained at 1 cm. The electrolyte was 0.2 wt% NH 4 F dissolved in a mixture of glycerol and de-ionized water (9:1 in volume). The cell was placed in a thermostatic water bath to maintain the temperature of electrolyte at 20
• C. The anodization period was 17 h. After being completely washed three times with de-ionized water, the as-prepared ATNTA was annealed in air at 480
• C for 3 h to attain the crystallization.
Glancing angle x-ray diffraction was performed with a PHILIPS Panalytical X'pert diffractometer using Cu Kα radiation. The morphology of ATNTAs was observed by a HITACHI S-4700 scanning electron microscope (SEM). A JEOL 2010 transmission electron microscope (TEM) was used to obtain TEM and HETEM images of ATNTAs. For the TEM observation, TiO 2 nanotubes were firstly scraped off titanium foil, then dispersed on a holey carbon film coated grid.
All electrochemical measurements were performed using two-electrode cells. ATNTA on Ti substrate experienced heating at 120
• C in a vacuum for 6 h to remove adsorbed water on the surface and was used as the working electrode; pure Li foil was used as the counter-electrode. The apparent areas of all ATNTA electrodes are 1.2 cm 2 . The electrolyte was 1 M LiClO 4 in ethylene/dimethyl carbonate (EC/DEC, 1:1 in volume). Polypropylene membrane (Cellgard 2400) was used as a separator. Cell assembly was carried out in an Ar-filled glove box with the water and oxygen content less than 1 ppm.
Galvanostatic charge/discharge measurements were performed using an Arbin BT2000 system with 0.1% accuracy for controlling currents and measuring potentials in a potential range of 1.0-3.0 V (versus Li + /Li) under high current densities of 1, 5, 10, 15, 20, 30 and 50 A g −1 .
The specific capacity and current density were calculated based on the mass of TiO 2 only. The net mass of TiO 2 nanotubes on Ti substrate was measured by weighing a sample using the balance of a thermogravimetric analyser (Netsch STA 449C Jupiter, with precision of 1 μg) before and after stripping the TiO 2 nanotubes from the Ti substrate by a type of adhesive.
A Solartron 1287A/1260A potentiostat/impedance analyzer with 0.1% impedance accuracy was used to carry out the electrochemical impedance measurements in the frequency range 100 KHz-0.01 Hz with an ac oscillation amplitude of 5 mV.
Results and discussion
SEM images of the ATNTA before and after the annealing treatment are shown in figure 1. TiO 2 nanotubes with 50-58 nm outer diameters at the tip and 1.0 μm in length are highly ordered and vertically aligned on the Ti substrate. No change in the top view and side view of the ATNTA is observed after annealing at 480
• C for 3 h in air. Ridges on the tube walls are observed. The presence of the ridges have been explained by Macak et al based on the pH burst [38] , which is prone to happen in low-viscosity electrolytes containing water. The addition of 10 vol% water into glycerol as the electrolyte for preparing the ATNTA in this study meets the conditions for the formation of these ridges. The glancing angle x-ray diffraction (GAXRD) patterns of the as-prepared and annealed ATNTA are shown in figure 2 . The as-prepared ATNTA is amorphous, since no crystal TiO 2 peak but peaks from metallic Ti substrate are identified. After the annealing treatment, diffraction peaks from anatase TiO 2 are present, indicating the transformation of amorphous ATNTA into anatase ATNTA.
TEM images of the as-prepared ATNTA and the annealed ATNTA are shown in figure 3 . The thickness of tube wall at different positions (labeled with arrows and the ridges are avoided) is shown. For the as-prepared ATNTA, the thickness of tube wall gradually decreases from 17 nm at the bottom to 6 nm at the top region. The tube wall at the top region is formed in the early period of anodic oxidation [39, 40] . Chemical dissolution of the tube wall close to the mouth by the F − -containing electrolyte for longer time results in thinning of the tube wall. An inserted electron diffraction pattern again confirms the amorphous nature of the as-prepared ATNTA. The electron diffraction pattern of the annealed ATNTA indicates its polycrystalline anatase structure. An HRTEM image ( figure 3(f) ) clearly identifies the (101) crystal plane of the anatase phase. The variation on the thickness of tube wall remains the same after the annealing treatment, as shown in figures 3(d) and (e). By the SEM and TEM observations, we can conclude that the morphology of the amorphous ATNTA is not changed after it transforms into anatase ATNTA by the annealing treatment. Figure 4 shows the tenth cycle charge-discharge curves of the amorphous and anatase ATNTA electrodes for lithium ion insertion/extraction in a potential range from 1.0 to 3.0 V (versus Li + /Li) at different current densities. No plateau is present in the charge-discharge curves of the amorphous ATNTA electrode. In contrast, plateaus are evident for the anatase ATNTA electrode at charge-discharge current densities. The shape of charge-discharge curves of the amorphous and anatase ATNTA electrodes is in agreement with previously reported results of amorphous [16, 17] and anatase TiO 2 electrodes [25] [26] [27] [28] [29] , respectively. Amorphous TiO 2 contains a large amount of disordered structures and defects, which can supply spaces for the insertion of lithium ions at relatively higher potential during the discharge process, thereby expanding the potential range for Li-insertion and leading to the absence of plateaux in the charge-discharge curves.
The specific discharge capacities of the amorphous ATNTA are from 229 mA h g −1 at 1 A g −1 to 123 mA h g −1
at 50 A g −1 , while that of the anatase ATNTA are from 108 mA h g −1 at 1 A g −1 to 30 mA h g −1 at only 15 A g −1 . The degeneration rate of specific discharge capacities with increasing current density for the amorphous ATNTA electrode is much lower than that for the anatase ATNTA electrode, as shown in figure 4(c) . In other words, the amorphous ATNTA electrode has higher rate capability in comparison with the anatase ATNTA electrode. This conclusion is strongly supported by comparing specific capacities of an amorphous ATNTA at 1-50 A g −1 (figure 4(a)) with that of an anatase ATNTA at 1-15 A g −1 ( figure 4(b) ). Therefore, the specific capacities of an anatase ATNTA at current densities higher than 15 A g −1 were not measured. High electronic conductivity and high Li-diffusion coefficient of electrode materials are advantageous to improve rate capability [24] [25] [26] .
To clarify the reason for the significantly higher rate capacity of the amorphous ATNTA electrode, electrochemical impedance measurements were carried out. Figure 5 shows the relationship of the modulus of impedance with frequency for the amorphous and anatase ATNTA electrodes held at 1.4 V. Evidently, the modulus at the high/low frequency region of the anatase ANTA is lower/higher than that of the amorphous ATNTA, respectively. The modulus of impedance at high frequency is dependent on electronic conductance of the electrode material, and the modulus at the low frequency region is governed by the lithium ion diffusion rate in the electrode material and electrolyte. Because of the same morphology of the amorphous and anatase ATNTA, and the same electrolyte being used, the comparison between the modulus at the high frequency region can determine how the electronic conductivity varies, and the comparison between the modulus at the low frequency region can determine how the Li-diffusion coefficient of TiO 2 varies, after amorphous TiO 2 transforms into anatase TiO 2 . A higher modulus in the high frequency region implies lower electronic conductivity. Therefore, polycrystalline anatase TiO 2 is more electronically conductive than amorphous TiO 2 . A higher modulus in the low frequency region implies a lower Lidiffusion coefficient. Therefore, the Li-diffusion coefficient of amorphous TiO 2 is higher than that of anatase TiO 2 .
Difference in the structure of amorphous and anatase TiO 2 is the reason for their different properties observed above. Disordered structures and defects in amorphous TiO 2 can create spatial channels larger than those in anatase TiO 2 (the tetrahedral site neighboring the octahedral site in the abplane [9] ) for lithium ion diffusion. As a result, amorphous TiO 2 shows a higher Li-diffusion coefficient. But a great number of disordered structures and defects in amorphous TiO 2 can also act as scattering sites for electron transportation resulting in low conductivity. Although amorphous TiO 2 is less electronically conductive than anatase TiO 2 , the deleterious effect of the low conductivity of amorphous ATNTA on rate capability is minimized because the TiO 2 film thickness (equal to the tube length) is as thin as 1.0 μm. Therefore, the higher Li-diffusion coefficient of amorphous TiO 2 is the dominant reason for the higher rate capability of the amorphous ATNTA.
The above results are significant for the structural and componential design of all TiO 2 mesoporous structures as anode material in lithium ion batteries. Mesoporous anatase TiO 2 has been considered as an attractive anode material in high power lithium ion batteries [24] [25] [26] [27] [28] [29] . Taking into account that a higher Li-diffusion coefficient allows a longer diffusion path within a short charge/discharge time, high rate capability can be still available for mesoporous amorphous TiO 2 when its wall is thicker than that of mesoporous anatase TiO 2 . This indicates that higher volume energy density can be reached without decreasing rate capability if mesoporous amorphous TiO 2 is used as electrode material instead of mesoporous anatase TiO 2 . However, suitable strategies should be adopted to improve the electronic conductivity of the mesoporous amorphous TiO 2 electrode when its thickness on the current collector reaches several tens of micrometers. Uniform dispersion of conductive materials, such as carbon nanotubes [25] and the RuO 2 network [26] , in amorphous TiO 2 is an efficient way of reducing the resistance.
The amorphous ATNTA electrode not only shows higher rate capability than the anatase ATNTA electrode but also possesses desirable cycling performance (see figure 6 ). Figure 7 shows surface morphology of the amorphous ATNTA after 100 charge-discharge cycles. No change on surface morphology of the amorphous ATNTA is observed after charge-discharge cycles. The volume expansion rate of TiO 2 after lithium ion insertion is only 3%, and the hollow structure of TiO 2 nanotubes can accommodate the volume expansion. Accordingly, the morphology of ATNTA electrodes remains stable during the charging-discharging process, hence ensuring the high cycling performance. The Coulomb efficiency of the amorphous ATNTA electrode at the first cycle is 95.7% and 88.4% at charge-discharge densities of 10 A g −1 and 30 A g −1 , respectively, which are much higher than that of a sol-gel synthesized TiO 2 /acetylene black composite electrode [16, 17] . All these advantages and the simplicity of the anodic oxidation process indicate that amorphous ATNTA has the potential to be used as the anode in lithium ion batteries with both high power and high energy density.
Conclusion
In summary, we prepared amorphous and anatase ATNTAs with identical morphology, and then used them to compare the electrochemical properties of amorphous TiO 2 with those of anatase TiO 2 . With the same morphological features, the rate capacity of nanostructured amorphous TiO 2 is higher than that of nanostructured anatase TiO 2 . It is found that the Li-diffusion coefficient of amorphous TiO 2 is higher than that of anatase TiO 2 , while the electronic conductivity of the former is lower than that of the latter. These results are helpful in the structural and componential design of all TiO 2 mesoporous structures as anode material in lithium ion batteries. Moreover, all the advantages of the amorphous ATNTA electrode including high rate capacity, desirable cycling performance and the simplicity of its fabrication process indicate that amorphous ATNTA has the potential to be used as the anode for lithium ion batteries with both high power and high energy density. This finding opens a new application field for ATNTAs.
